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Abstract. Aerosol measurements over the Southern Ocean
are used to constrain aerosol–cloud interaction radiative forc-
ing (RFaci) uncertainty in a global climate model. Forcing
uncertainty is quantified using 1 million climate model vari-
ants that sample the uncertainty in nearly 30 model param-
eters. Measurements of cloud condensation nuclei and other
aerosol properties from an Antarctic circumnavigation expe-
dition strongly constrain natural aerosol emissions: default
sea spray emissions need to be increased by around a fac-
tor of 3 to be consistent with measurements. Forcing un-
certainty is reduced by around 7 % using this set of several
hundred measurements, which is comparable to the 8 % re-
duction achieved using a diverse and extensive set of over
9000 predominantly Northern Hemisphere measurements.
When Southern Ocean and Northern Hemisphere measure-
ments are combined, uncertainty in RFaci is reduced by 21 %,
and the strongest 20 % of forcing values are ruled out as im-
plausible. In this combined constraint, observationally plau-
sible RFaci is around 0.17 W m−2 weaker (less negative) with
95 % credible values ranging from −2.51 to −1.17 W m−2
(standard deviation of −2.18 to −1.46 W m−2). The South-
ern Ocean and Northern Hemisphere measurement datasets
are complementary because they constrain different pro-
cesses. These results highlight the value of remote marine
aerosol measurements.
1 Introduction
The uncertainty in the magnitude of the effective radiative
forcing caused by aerosol–cloud interactions (ERFaci) due
to changing emissions over the industrial period is around
twice that for CO2 (Stocker et al., 2013). It is essential to re-
duce this uncertainty if global climate models are to be used
to robustly predict near-term changes in climate (Andreae et
al., 2005; Myhre et al., 2013; Collins et al., 2013; Tett et al.,
2013; Seinfeld et al., 2016).
Aerosol forcing uncertainty has persisted in climate mod-
els since the 1990s partly because there are no measure-
ments covering the industrial period that can be used to di-
rectly constrain simulations of long-term changes in aerosol
and cloud properties (Gryspeerdt et al., 2017; McCoy et al.,
2017). Estimates of aerosol forcing over the industrial period
therefore rely on models that have been evaluated against
measurements made in the present-day atmosphere. How-
ever, it is known that the aerosol forcing (in particular the
component caused by aerosol–cloud interactions) depends
sensitively on the state of aerosols in the pre-industrial pe-
riod (Carslaw et al., 2013; Wilcox et al., 2015) when natural
aerosols were dominant (Carslaw et al., 2017). Observations
of natural aerosols in the present-day atmosphere are there-
fore expected to help constrain the simulated forcing unless
there have been significant changes in natural aerosol pro-
cesses over the industrial period, for which there is little evi-
dence (Carslaw et al., 2010).
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In this paper we address the following questions: (i) to
what extent can measurements of aerosols in pristine (nat-
ural) environments help to constrain model simulations and
thereby reduce the large uncertainty in aerosol forcing?
(ii) What is the relative importance of measurements in re-
mote and polluted environments for constraining the forc-
ing uncertainty? It is known that the abundance of natu-
ral aerosols affects the magnitude of forcing in a model
(Spracklen and Rap, 2013; Carslaw et al., 2013). However, to
assess the effect on the uncertainty in forcing it is necessary
to explore how the spread of predictions of a set of mod-
els changes when constrained by measurements. The Cou-
pled Model Intercomparison Project Phase 5 is inadequate
for this purpose because of insufficient aerosol diagnostics
(Wilcox et al., 2015). Here we use large perturbed parameter
ensembles (PPEs) of the UK Hadley Centre General Envi-
ronment Model HadGEM3 (Hewitt et al., 2011). The PPEs
were created by systematically perturbing numerous model
parameters related to natural and anthropogenic emissions
and physical processes (Yoshioka et al., 2019). The simulated
aerosol forcings have uncertainty ranges that exceed those
of multi-model ensembles (Yoshioka et al., 2019; Johnson
et al., 2020). Instantaneous radiative forcing (RF) is quanti-
fied using the 26-parameter AER PPE in which just aerosol-
related parameters were varied, and the effective radiative
forcing (ERF) is quantified using the 27-parameter AER-
ATM PPE in which aerosol and physical atmosphere param-
eters were varied (Yoshioka et al., 2019). We use these PPEs
to quantify how the constraint provided by pristine aerosol
measurements affects the spread of aerosol forcings simu-
lated by the ensembles.
Previous analysis of HadGEM3 PPEs showed that aerosol
measurements in polluted regions help to constrain the un-
certainty in aerosol–radiation interaction forcing (RFari) but
not the component due to aerosol–cloud interactions (RFaci)
(Johnson et al., 2020). A dataset of over 9000 (predominantly
Northern Hemisphere) aerosol measurements reduced the
uncertainty in global, annual mean aerosol RFari by 35 %, but
RFaci uncertainty was reduced by only 7 %. These measure-
ments reduce the uncertainty in a small number of parameters
related to anthropogenic emissions and aerosol processing in
polluted environments. However, important causes of uncer-
tainty in RFaci, such as natural aerosol emission fluxes, were
largely unconstrained.
The Southern Ocean is one of the few regions on Earth
(along with some boreal forests) in which the same processes
are expected to affect cloud-active aerosol concentrations in
the present-day and early-industrial atmospheres (Hamilton
et al., 2014). In this study we make use of aerosol mea-
surements from the Antarctic Circumnavigation Expedition:
Study of Preindustrial-like Aerosols and Their Climate Ef-
fects (ACE-SPACE) campaign (Schmale et al., 2019). They
offer a unique opportunity to constrain the early-industrial
aspects of aerosol forcing uncertainty because the Southern
Ocean is a source of natural aerosols that are relevant at the
global scale and remains largely unaffected by anthropogenic
aerosol and precursor emissions.
We use near-surface measurements of cloud condensation
nuclei concentrations at 0.2 % and 1.0 % supersaturations
(CCN0.2 and CCN1.0; Tatzelt et al., 2019a), as well as mass
concentrations of non-sea-salt sulfate particles with dry aero-
dynamic diameters less than 10 µm and number concentra-
tions of particles with dry aerodynamic diameter larger than
700 nm (N700; corresponds to volume equivalent diameter
larger than around 500 to 570 nm; Schmale et al., 2019a).
The measurements are compared to output from 1 million
variants of the HadGEM3 model that sample combinations
of parameter settings in the model. These model variants are
used to represent aerosol forcing uncertainty in our model
using probability density functions (pdf’s) and were gener-
ated by sampling from Gaussian process emulators that were
trained on the PPE model outputs (see Sect. S1 in the Supple-
ment). Model variants that were judged to be observationally
implausible against the measurements were rejected, result-
ing in a set of plausible variants from which the uncertainty
in aerosol forcing could be computed (see Sect. S1). In the re-
sults shown below, we retained approximately 3 % of model
variants (following Johnson et al., 2020) that best match all
four measured aerosol properties.
2 Results
Figure 1 shows the CCN0.2 mean and standard deviation
from the unconstrained and constrained model variants to ex-
emplify the effect of constraint on model output. The mean
concentrations in the unconstrained sample are much smaller
than measured concentrations. However, the range of CCN0.2
values in the unconstrained sample spans the measurements
in most locations (Fig. 1b). The measurement constraint in-
creases CCN0.2 concentrations (more than double the uncon-
strained mean in many locations; Fig. 1c) and greatly reduces
the CCN0.2 uncertainty (by more than half everywhere to less
than 50 cm−3; Fig. 1d).
Figure 2 shows pdf’s of the output from the model for
the four variables used as constraints, calculated as means
over the locations where measurements were taken. The con-
straint reduces the uncertainty in all measurement types (nar-
rower pdf’s), and the central tendency of the pdf’s is closer to
the regional mean of measurements after constraint. Reject-
ing around 97 % of model variants as implausible compared
to measurements greatly improves the model–measurement
comparison.
After constraint, the remaining model variants inhabit
specific parts of the 26-dimensional parameter uncertainty
space used to quantify the model uncertainty. We explore
the effect of constraints on parameter values using one-
dimensional marginal probability distributions (described in
detail in Johnson et al., 2020) – Fig. 3 shows these results for
the AER PPE, and Fig. S2 shows the equivalent AER-ATM
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Figure 1. (a, c) Mean and (b, d) standard deviation of CCN0.2 concentrations from the (a, b) unconstrained sample and (c, d) the sample
constrained using concentration measurements of CCN0.2, CCN1.0, non-sea-salt sulfate and particles with dry aerodynamic diameters larger
than 700 nm. Measured CCN0.2 values are plotted as dots. Means and standard deviations were calculated using samples taken from emulators
trained using monthly mean values. December to March sample values were combined based on longitudinal agreement with measurements.
results. The magnitude of the marginal probability distribu-
tion after constraint reflects the number of ways in which a
particular value of a parameter can be combined with set-
tings of all the other parameters to produce an observation-
ally plausible model. The white space in the marginal pdf’s
shows where parameter value density has decreased.
The relative simplicity of aerosol emissions and processes
over the Southern Ocean (compared to polluted continental
regions) means that measurements can be used to tightly con-
strain uncertainty in the associated parameters. Two param-
eters (sea spray emissions and dry deposition velocity) are
tightly constrained such that some parameter values are ruled
out as implausible even when combined with uncertainties
in all other parameters. Several other parameters (related to
cloud droplet pH, dimethylsulfide (DMS) emissions and wet
deposition) are more modestly constrained. These joint con-
straints (see also Fig. S3) suggest the model–measurement
comparison is improved when aerosol number concentra-
tions and mass are relatively high.
Sea spray emissions are tightly constrained to be around
3 times larger than the default model value. Observation-
ally plausible values of the sea spray scaling parameter range
from around 1.6 to 5.1 and all other values (including the
default emission calculated in the model) are ruled out as
implausible. This suggests that sea spray emissions in our
model need to be significantly higher than those calculated
using the wind-speed-dependent Gong (2003) parameterisa-
tion in the Southern Hemisphere summer. The higher flux is
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Figure 2. Unconstrained (black) and observationally constrained
(red) pdf’s of aerosol properties: (a) CCN0.2, (b) CCN1.0, (c) N700
and (d) aerosol sulfate. The pdf’s were calculated at locations where
measurements were used for constraint across the months Decem-
ber to March. Densities for each sample of model variants are
scaled so that the area under the curve integrates to 1. The green
dashed line shows the median of the measurements, and the dotted
green lines show the approximate uncertainty ranges due to multiple
model–measurement comparison uncertainties that were accounted
for in the constraint (see Sect. S1).
consistent with Revell et al. (2019), who showed that a more
recent version of our model simulates cloud droplet concen-
trations and aerosol optical depth values that are lower than
observed over the summertime Southern Ocean. However,
sea spray emissions had to be reduced to achieve agreement
with aerosol optical depth measurements in winter. Hence,
our constraint on sea spray emission fluxes may only be
appropriate for Southern Hemisphere summer when wind
speeds are relatively low. We do not make any assumptions
about the composition of these additional summertime sea
spray particles. They may be rich in organic material as pro-
posed by Gantt et al. (2011), which would alter the CCN ac-
tivity of emitted particles. However, the consistency of con-
straint of CCN0.2 and N700 towards higher values (Fig. 2, Ta-
ble S3) implies that a general scaling of the existing sea spray
flux is consistent with the measurements from December to
April, without the need for an additional source of fine-mode,
organic-rich particles.
The dry deposition velocity of accumulation mode
aerosols (Dry_Dep_Acc) has an 84 % likelihood of being
lower than the default model value after applying the con-
straint. Furthermore, deposition velocities larger than around
3 times the default value are effectively ruled out. This con-
straint is consistent with the higher aerosol concentrations
implied by constraint of the sea spray emission parameter.
Other parameters are more modestly constrained. The con-
straint on the aerosol precursor DMS emission flux scale fac-
tor is two-sided, reducing the credible range of DMS emis-
sion scalings from 0.5 to 2.0 down to 0.54 to 1.9. This con-
straint suggests the default surface sea water concentration
(Kettle and Andreae, 2000) and emission parameterisations
(Nightingale et al., 2000) are consistent with measurements
(including aerosol sulfate) and do not benefit from being
scaled. Furthermore, ACE-SPACE measurements are consis-
tent with less-efficient aerosol scavenging (55 % likelihood
of Rain_Frac, the parameter that controls the fractional area
of the cloudy part of model grid boxes where rain occurs,
being below the unconstrained median value 0.5) and less
aqueous phase sulfate production (pH of cloud droplets has
a 62 % likelihood of being lower than the unconstrained me-
dian value). These combined constraints suggest, in agree-
ment with sea spray and deposition parameter constraints,
higher aerosol number and mass concentrations are consis-
tent with measurements.
The effects of measurement constraint on pdf’s of RFaci
and ERFaci are shown in Fig. 4. Removing implausible
model variants has reduced the uncertainty in several pa-
rameters including natural aerosol emission fluxes, which
translates into a reduction in RFaci uncertainty (Carslaw et
al., 2013). The measurement constraints have two impor-
tant effects on aerosol forcing. Firstly, the magnitude of me-
dian RFaci weakens from −1.99 to −1.88 W m−2 (−1.64 to
−1.49 W m−2 for ERFaci). A weaker forcing is consistent
with higher natural aerosol emissions, increased aerosol load,
and higher cloud droplet number concentrations (see Table 1)
in the early-industrial period. Secondly, the constrained forc-
ing pdf’s are approximately symmetric but have shorter tails
(lower kurtosis). This suggests the constraints are selectively
ruling out model variants that are outliers. The 95 % cred-
ible range of RFaci values is reduced by around 9 % (from
−2.84 to −1.15 W m−2 down to −2.64 to −1.10 W m−2)
and around 9 % for ERFaci (from −2.69 to −0.62 W m−2
down to −2.43 to −0.54 W m−2). The consistency of forc-
ing constraint across two distinct PPEs suggests the results
are insensitive to differences in meteorology, parameters per-
turbed in the PPEs, and the inclusion of rapid atmospheric
adjustments. These results are also insensitive to additional
constraint to ensure energy balance at the top of the atmo-
sphere (Fig. S5).
Johnson et al. (2020) reduced the global, annual mean
RFaci uncertainty by constraining multiple anthropogenic
emission and model process parameters (as well as some
natural aerosol parameters) using over 9000 predomi-
nantly Northern Hemisphere measurements of aerosol opti-
cal depth, PM2.5, particle number concentrations, and mass
concentrations of organic carbon and sulfate. When we com-
bine our Southern Ocean constraint with the Johnson et
al. (2020) constraint, we retain around 700 observation-
ally plausible model variants (0.07 %). Although this is a
small percentage of the original sample, 700 observation-
ally plausible model variants is far more than are typically
used to quantify model uncertainty or multi-model diversity
(e.g. around 30 for CMIP6). The marginal parameter pdf’s
from this 700-member sample are shown in Fig. 5.
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Figure 3. Marginal probability distributions for the 26 aerosol parameters after constraint using ACE-SPACE measurements. The density of
parameter values in the unconstrained sample is shown as horizontal dashed lines (uniform sampling over the parameter space). Densities
of constrained samples are shown in colour and are scaled so that the maximum densities in the constrained and unconstrained samples are
aligned. The 25th, 50th, and 75th percentiles of each marginal distribution are shown in the central boxes. Parameter values on the x axes
correspond to values used in the model (Yoshioka et al., 2019, Table S3).
Table 1. Annual and monthly mean cloud drop number concentrations over the Southern Ocean (over the region between 50 and 60 ◦S at
around 1 km altitude above sea level) in the original unconstrained sample and the sample of model variants constrained to ACE-SPACE
campaign measurements. Mean values and 95 % credible interval values are shown for each sample, with interquartile ranges in brackets. For
comparison, we show cloud drop concentrations calculated from MODIS instrument data following Grosvenor et al. (2018) for the year 2008
(Supplement: Methods: Measurements).
Annual December January February March April
MODIS (cm−3) 73 89 91 90 82 63
Unconstrained mean (cm−3) 38 39 39 41 42 39
Unconstrained credible 7–125 8–115 8–117 7–122 7–129 7–118
interval (cm−3) (112) (103) (109) (115) (122) (111)
Constrained mean (cm−3) 66 67 69 72 76 70
Constrained credible 41–96 43–96 44–99 45–105 47–111 44–101
interval (cm−3) (55) (53) (55) (60) (64) (57)
The two measurement datasets constrain distinct groups
of parameters. There are a few cases where the same pa-
rameters are constrained by both datasets, and in these cases
the parameter values are constrained consistently (e.g. cloud
droplet pH) or more strongly through ACE-SPACE (e.g. sea
spray emissions). The complementary nature of these con-
straints means that the combined constraint marginal param-
eter pdf’s (Fig. 5) are remarkably similar to those in our
Fig. 3e (for sea spray and DMS emission fluxes, as well as
deposition and pH parameters) and in Fig. 6 of Johnson et
al. (2020) for other parameters.
The Johnson et al. (2020) constraint reduced the RFaci un-
certainty by around 6 % and our ACE-SPACE measurement
constraint reduced the uncertainty by around 9 %. However,
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Figure 4. Probability distributions of (a) RFaci and (b) ERFaci. The
distributions of the unconstrained sample of 1 million model vari-
ants from statistical emulators of each PPE are in black. Red lines
show the distributions after constraint using ACE-SPACE mea-
surements (around 3 % of the unconstrained sample). The 25th,
50th, and 75th percentiles of each sample are shown as shaded
boxes, and dashed lines span the percentiles 2.5 and 97.5.
the RFaci uncertainty is reduced by around 21 % (Fig. 6a)
after applying both constraints, meaning the combined con-
straint is stronger than the sum of individual constraints.
The Johnson et al. (2020) constraint strengthened the RFaci
by around 0.3 W m−2 (more negative) because the largest sea
spray emission flux scaling and largest new particle forma-
tion rates were ruled out. Our ACE-SPACE constraint rules
out the same large sea spray emission fluxes but also rules
out all emission flux scale factors lower than around 1.6
(Fig. 3), which increases the baseline aerosol concentration
in the early-industrial atmosphere. The ACE-SPACE mea-
surements also constrain several other parameters that col-
lectively weaken the median RFaci by around 0.18 W m−2.
Therefore, using the combined measurement dataset, the
strongest RFaci values have been ruled out as implausible
and the credible range of observationally plausible RFaci val-
ues is reduced to around −2.51 to −1.17 W m−2 (−2.18 to
−1.46 W m−2, when using 1 standard deviation to quantify
the uncertainty). Uncertainty in RFari is reduced by around
48 % with observationally plausible values ranging from
−0.27 to −0.09 W m−2 (−0.23 to −0.13 W m−2, when us-
ing 1 standard deviation), because the strongest RFari values
are ruled out as observationally implausible.
3 Discussion
Our results show, as hypothesised from previous sensitiv-
ity analyses, that remote marine measurements are valuable
for constraining the natural aerosol state of the atmosphere
(Carslaw et al., 2013; Regayre et al., 2014, 2018). They also
provide new information about plausible model behaviour
because they are closely related to model emissions and pro-
cesses that measurements in polluted environments do not
constrain.
For the first time we have achieved a meaningful reduction
of 21 % in the RFaci uncertainty by constraining the aerosol
properties in the model. The reduction in forcing uncertainty
could be improved further by using measurements of cloud
properties and cloud–aerosol relations, particularly if these
span polluted and pristine conditions (McCoy et al., 2020).
An important factor that continues to limit observational con-
straint is the existence of many compensating parameter ef-
fects, even within the considerably reduced volume of multi-
dimensional parameter space (Fig. S3). These limit the con-
straint on individual parameter ranges (Lee et al., 2016; Re-
gayre et al., 2018), but some of the effects could be greatly
reduced by perturbing uncertain emissions regionally rather
than globally as we do here.
Our results are based on uncertainty in a single climate
model. The model is structurally consistent in our experi-
ments and so neglects uncertainty caused by choice of mi-
crophysical and atmospheric process representations. Our
model also neglects some potentially important sources of re-
mote marine aerosol, such as primary marine organic aerosol
(Mulcahy et al., 2020) and methane-sulfonic acid (Schmale
et al., 2019; Hodshire et al., 2019; Revell et al., 2019). Model
inter-comparison projects (such as CMIP6) can be used to
quantify the diversity of RF (or ERF) output from models,
but they lack information about single model uncertainty.
Ideally, multi-model ensembles would contain a perturbed
parameter component, so that model diversity and single
model uncertainty could be quantified simultaneously.
Studies like ours fill an important gap by quantifying
the remaining uncertainty in aerosol forcing across a set of
single-model variants that are plausible when compared with
multiple measurement types. This knowledge can be used
to form a more complete understanding of the importance
of historical and near-term aerosol radiative forcing which
would contribute to reducing the diversity in equilibrium cli-
mate sensitivity across models.
Data availability. The ACE-SPACE data are accessi-
ble from https://zenodo.org/communities/spi-ace (last ac-
cess: August 2020) (ship position: Thomas and Pina Es-
tany (2019) – https://doi.org/10.5281/zenodo.3483164;
CCN measurements: Tatzelt et al. (2019b) –
https://doi.org/105281/zenodo.2636765; N700 measurements:
Schmale et al. (2019a) – https://doi.org/10.5281/zenodo.2636709;
nss-sulfate measurements: Schmale et al. (2019c) –
https://doi.org/10.5281/zenodo.2636700). The basis for our
cloud droplet number concentration data is available from http:
//catelogue.ceda.ac.uk/uuid/cf97ccc802d348ec8a3b6f2995dfbbff
(last access: April 2020) (Grosvenor and Wood, 2018). Simulation
output data for both AER and AER-ATM PPEs are available
on the JASMIN data infrastructure (http://www.jasmin.ac.uk,
last access: August 2020) (Yoshioka et al., 2019). Some of the
climate-relevant fields are derived and stored in netCDF files (.nc)
containing data for all ensemble members and made available as
a community research tool as described in Yoshioka et al. (2019).
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Figure 5. Marginal probability distributions for the 26 aerosol parameters after constraint using around 250 Southern Ocean measurements
and more than 9000 aerosol measurements in Johnson et al. (2020). Plotting features of this figure are identical to Fig. 3.
Figure 6. Probability distributions of (a) RF, (b) RFaci, and (c) RFari from the unconstrained (black line) and constrained (red line) samples
of model variants. The constrained sample includes model variants that agree with our ACE-SPACE measurement constraint and the Johnson
et al. (2020) constraint. Plotting features are identical to Fig. 4.
All data needed to recreate figures in this article are available at
https://doi.org/10.5281/zenodo.3988476 (Regayre, 2020). Addi-
tional model data and analysis code can be made available from the
corresponding author upon request.
Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-20-10063-2020-supplement.
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